Using electron energy loss spectroscopy, we have probed the spin waves of fcc(100) cobalt after capping with 1-3 atom layers of pseudomorphic nickel or up to 12 atom layers of copper. The intensity decay of the spin wave signal is quantitatively described by the mean-free path of the incident and the scattered electron within the capping layer. The observed spin waves are therefore localized at the cobalt side of the Co/Ni and Co/Cu interfaces. Compared to the free cobalt surface, the interface spin waves are downshifted in frequency. The effect is attributed to a reduced exchange interaction between cobalt atoms at the interface. Wave packets of spin waves offer the unique capability to transport a quantum bit, the spin, without the transport of charge or mass. In this context, large wave vector/high-energy spin waves are of particular interest as they permit a spin confinement within a few nanometers.
Using electron energy loss spectroscopy, we have probed the spin waves of fcc(100) cobalt after capping with 1-3 atom layers of pseudomorphic nickel or up to 12 atom layers of copper. The intensity decay of the spin wave signal is quantitatively described by the mean-free path of the incident and the scattered electron within the capping layer. The observed spin waves are therefore localized at the cobalt side of the Co/Ni and Co/Cu interfaces. Compared to the free cobalt surface, the interface spin waves are downshifted in frequency. The effect is attributed to a reduced exchange interaction between cobalt atoms at the interface. Wave packets of spin waves offer the unique capability to transport a quantum bit, the spin, without the transport of charge or mass. In this context, large wave vector/high-energy spin waves are of particular interest as they permit a spin confinement within a few nanometers. 1, 2 Stimulated by the development of advanced electron energy loss spectrometers, 3, 4 a considerable number of experimental studies concerning large wave vector/high-energy surface spin waves of 3d metal films have emerged lately. [5] [6] [7] [8] [9] [10] [11] [12] These studies were accompanied, partly even anticipated, by considerable efforts in theory aiming at the understanding of localized spin waves in thin films of itinerant magnets and at the description of inelastic electron scattering from such excitations. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In accordance with the surface sensitivity of low-energy electron spectroscopy, experimental studies focused on spin waves localized at surfaces and on spin waves in 1-2 monolayer (ML) thick films. In view of the importance of interfaces between magnetic materials as well as between magnetic and nonmagnetic materials for giant magnetoresistance (GMR) and spin valve devices, experimental means to characterize spin waves localized at interfaces would be highly desirable. Some indirect information on the spin waves localized at an interface may be obtained from the recently observed lowest-energy standing spin wave mode of a cobalt film 26 since this mode corresponds to the antisymmetric combination of the two surface modes at either surface of the film. A direct experimental access to the spin waves localized at interfaces, however, was not available up to now.
In this paper, we show that low-energy inelastic electron scattering can be employed to directly probe spin waves at metal/metal interfaces. We exploit the fact that electrons of very low energy have a mean-free path, which is large enough to penetrate a thin capping layer deposited onto a magnetic film. This permits a unique experimental access to the spin waves localized at the interface between the magnetic thin film and the capping layer.
The specific system that we have investigated is the surface of an 8-ML fcc cobalt film grown on Cu(100), 5, 26 upon which we grow epitaxial capping layers of varying thickness. As capping materials we have chosen nickel and copper: we have selected nickel, since one might envision that cobalt induces a higher magnetic moment to the nickel atoms at the interface via some proximity effect 27 so that the surface spin waves of cobalt would extend into the nickel overlayer. This would be particularly interesting since all attempts to observe the large wave vector surface spin waves on pure nickel have failed so far. 28 As second capping material, we selected copper since we anticipated the observation of interface spin waves through thicker layers of copper due to the larger mean-free path. We find that for both capping materials the intensities and the peak energies of the spin wave signals drop down upon deposition of 1-3 layers. Beyond the initial drop, the spin wave energies stay constant while the intensities decay exponentially with coverage. The exponential decay is well described by a mean-free-path model, which considers the electron/spin wave interaction to take place at the cobalt side of the interface.
The Cu(100) templates are prepared by repeated cycles of sputtering with 1-keV argon atoms followed by annealing to 450
• C. Cobalt, nickel, and copper are deposited using electron beam stimulated evaporation from rods. The thicknesses of the deposited layers are calibrated by the intensity oscillations of the specular reflection of 3-keV electrons at grazing incidence, caused by the roughness oscillations during the pseudomorphic growth of Ni and Cu on the fcc Co(100) films (see, e.g., Chap. 11 of Ref. 29). Electron energy loss spectra of the spin waves are obtained by employing a specially designed spectrometer. 4, 30 The high stability of the spectrometer (equipped with a conventional LaB 6 cathode) ensures the reproducibility of intensities within a few percent. The differences in the intensities of spin wave spectra of samples prepared on different days are smaller than 8%. All spin wave spectra were recorded with a scattering angle of 90
• . The momentum transfer parallel to the surface K is adjusted by rotation of the sample manipulator. Figure 1 shows a series of spin wave spectra after deposition of Ni on an 8-ML film of fcc cobalt on Cu(100). The impact energy is chosen as E 0 = 6 eV since the spin wave intensity has a maximum around this impact energy. The angle of incidence is θ (i) = 21.8
• and the exit angle therefore θ (s) = 90
• . The wave vector transfer to the surface is calculated from wave vector conservation in which k (s) and k (i) denote the modulus of the wave vector of the scattered and incident electrons, respectively, and q is the wave vector of the spin wave. The wave vector transfer is along the 110 ( X) direction. For small energy losses (
. K reduces slightly with increasing energy loss and amounts to 0.686Å −1 for an energy loss of 140 meV.
The upper spectrum in Fig. 1 is for the bare surface of the 8-ML cobalt film. The loss peak centered at about 140 meV represents the excitation of the surface spin wave of the fcc cobalt film. The energy is in agreement with the previous studies, 5, 26, 31 We remark that for K = 0.7Å −1 the spin wave amplitude decays exponentially in deeper Co layers with a decay length equivalent to about 2 ML. Hence, there is no influence of the Cu(100) substrate crystal on the spin waves except that the epitaxial relationship between the substrate and the Co film stabilizes the fcc structure of cobalt. Upon deposition of nickel, the spin wave energy shifts downwards and levels off at ≈125 meV for coverages beyond 1 ML. The intensity of the spin wave peak drops continuously with increasing thickness of the Ni film. For an accurate comparison of the intensities, we fit a Gaussian to the spin wave signal (see Ref.
26 for details). Since the spin wave peak is a factor of 2 broader than the elastic peak, the count rate in the spin wave loss is roughly proportional to the full width at half maximum (FWHM) of the elastic peak. We therefore take the count rate in the maximum of the Gaussian divided by the FWHM of the elastic peak as a measure of the intensity of the spin wave excitation (specific intensity I specific ). Specific intensities I specific and peak energies of the spin wave losses are plotted in Fig. 2 to −0.7Å −1 , respectively. The specific intensity is the same for both cases within the limits of error. The dashed and solid lines describe the specific intensity by a linear decrease below 1-ML coverage and by an exponential decrease beyond 1 ML, respectively.
The exponential decay of the specific intensity beyond 1-ML coverage points toward a spin wave excitation localized at the Co/Ni interface. The intensity should decay exponentially in that case as electrons must first traverse the Ni layer without energy loss on their way to the interface and second on their way out after interaction with the spin wave at the interface. In the following, we show that the observed decay can be quantitatively described by the mean-free path of electrons in nickel. The specific intensity as a function of the number of deposited layers N is
with (N ) the path length inside the Ni layer and λ the meanfree path. For the moment, N is treated as a continuous variable. The path length (N ) is
in which a 0 is the lattice constant of Ni and θ are the angles of incident and scattered electrons inside the Ni layer, respectively. These angles are smaller than the angles outside because of the larger kinetic energy inside the solid and the resulting refraction of the electron waves at the surface (inset Fig. 1 ). The relation between the polar angle inside and outside is Here, V i is the inner potential of the Ni layer. The mean-free path λ of electrons in nickel has been calculated by Hong and Mills . 32 For the energy of E 0 = 6 eV relative to the vacuum level (approximately 11 eV relative to the Fermi level) the authors found the mean-free path to be λ = 5Å, practically independent of energy. With that number and the absolute value of the specific intensity fitted to 1-ML coverage, the solid line in Fig. 2 is obtained for V i = 14 eV. The assumption of 14 eV is not critical. Assuming, e.g., V i = 10 eV would result in only a 5% increase of the path length.
The model assumes a continuous growth of the thickness of the Ni layer. In order to check for the influence of discreteness of the layers, we have simulated the growth of Ni layers with various ratios of the hopping rate for single atoms ν and the surface atom-specific flux F to obtain either nearly perfect layer-by-layer growth (ν/F = 20 000) or a rather rough surface with nearly a Poisson distribution of open layers (ν/F = 10). 29 We have then calculated the intensities by averaging the area-weighted intensities obtained for different local thicknesses of the Ni layer. The differences between the continuum model and the discrete model are rather small. They amount to a difference in the mean-free path λ = 5.1Å instead of λ = 5.0Å for ν/F = 20 000 and λ = 5.2Å instead of λ = 5.0Å for ν/F = 10.
The good agreement of the mean-free-path model and the experimental intensities demonstrates that the electrons lose the characteristic spin wave energy at the cobalt side of the Ni/Co interface. The observed spin wave is therefore an interface mode.
In copper, the probability for low-energy excitations is less since the 3d band is fully occupied. One therefore expects a larger mean-free path of electrons for electron energies below the plasmon energy. Thus, electrons of 6 eV energy in vacuum should be able to "look" through thicker capping layers. That is indeed the case. Figure 3 shows a series of spin wave spectra as a function of K after deposition of 6 ML of Cu. The specific intensity of the spin wave loss at K = 0.6Å the peak energy as function of the thickness of the copper overlayer are shown in Fig. 4 . As in the case of nickel, there is a sharp initial drop in intensity, followed by an exponential decrease. The decrease is, however, less steep than in the case of nickel. The analysis of the decay following Eqs. (2)- (4) yields a mean-free path of λ = 37Å. As in the case of nickel, the interface formation causes a reduction in the spin wave peak energy (Fig. 4) . Figure 5 shows the peak positions of the Ni/Co interface spin waves for wave vectors along the 110 ( X) direction with several sets of data for capping layers of 1, 1.5, and 2 ML thickness depicted as circles, triangles, and squares, respectively. The data for a 6 ML capping with Cu are shown as red solid circles. The solid line in Fig. 5 depicts the dispersion of the bare cobalt surface, here represented by the result of the nearest-neighbor Heisenberg model with JS = 15 meV which provides an excellent fit to the experimental data. 5, 26 The data points for the interface modes systematically fall below that line. The difference is larger, the larger the wave vector is. On the other hand, there is no systematic deviation in the data for the three different Ni coverages. This shows that concerning the spin wave dispersion, the interface between Ni and Co is complete with a single Ni layer (see also Fig. 2) . We attribute this fact to the strong localization of the partly occupied d electrons responsible for the intermetallic bonding as well as for the magnetic properties of the interface. Copper, on the other hand, has only delocalized sp electrons at the Fermi level. 33 It seems therefore plausible that the cobalt interface spin waves continue to be affected by a second and third Cu capping layer (see Fig. 4 ).
While it is understood that the Heisenberg model is not a suitable base for a theoretical description of spin excitations in 3d metal systems, 13, [18] [19] [20] 22 it nevertheless serves as an interpolation scheme and may provide some hints to the origin of the frequency shift observed here. The deviation of the dispersion for the interface modes from the modes of the bare cobalt surface is well described by the nearest-neighbor Heisenberg model for the 8 ML slab when the influence of the capping layer is modeled by a reduction in the exchange coupling between cobalt atoms at the interface. The dotted and dashed lines in Fig. 5 are calculated assuming that the intralayer coupling in the interface layer (JS) 1 and the coupling between the interface layer and the next layer underneath (JS) 12 are reduced to 90% and 85% of the value of the bare cobalt film [(JS) b = 15 meV] for Cu and Ni capping, respectively. With all reservations, one must have to the application of the Heisenberg model for 3d metals, the overall picture appears to be that the exchange coupling constants JS at the interface are reduced upon capping. This conclusion is corroborated by the observation that capping of 1.9 ML fcc cobalt on Cu(100) with copper causes a substantial reduction in the Curie temperature of the films. 34, 35 On the other hand, experimental evidence 36, 37 as well as a comprehensive theoretical study of fcc Co(100)/Ni(100) and the Co(100)/Cu(100) interface 38 show that the effect of the interface on the magnetic moments of Co is small. According to the latter work, the Co moment increases by about 2% at the Ni interface and decreases by 2% at the Cu interface. Since the fit of the Heisenberg model to the experimental data calls for a reduction of the coupling constant JS by 15% and 10% for Ni and Cu, respectively, the reduction is attributed to a reduction of the exchange constants rather than to a reduction in the magnetic moments.
We finally note that the energy widths of the spin wave signals systematically increase upon deposition of the capping layers. Qualitatively, this observation is consistent with the increased number of channels for spin-flip excitations provided by the capping layer. Details of these results will be presented in connection with a theoretical ab initio study. 39 J.R. gratefully acknowledges the financial support form NRW Research School "Forschung mit Synchrotronstrahlung in den Nano-und Biowissenschaften." The authors also thank S. Lounis for helpful comments and critical reading of the manuscript.
